Antagonistic networks are known to be structured in the wild, but knowledge on how this structure may change as a response to environmental perturbations is scarce. We describe a natural bipartite network between bacteria and lytic bacteriophages, and investigate how it is affected by environmental productivity in the form of different resource levels for the bacteria. We report that low amounts of resource decrease phage generality and lead to less robust and less stable communities. We discuss how resource levels in nature may alter the structure of complex communities.
INTRODUCTION
The concept of food webs [1] has received considerable empirical and theoretical attention [2] . Food webs provide an accurate yet analytically tractable description of interactions within communities, where the (trophic or mutualistic) links between species are presented as a matrix, from which different types of ecological information can be extracted. Specifically, several measures exist to assess the structure (i.e. the relative strength and distribution of values in the matrix, sometimes termed 'topology') of such networks [3] . These measures can, in turn, be employed to make inferences regarding the stability and robustness of the studied community. Understanding food web structure can contribute to predicting biodiversity loss [4] and ecosystem functioning [5] .
Both experimental [6] and empirical [7 -9] studies have shown that food web structure is affected by environmental conditions, and in particular, changes in resource supply rate [10] . Moreover, both theoretical [11] and experimental [12] studies of simplified bipartite networks have shown that resource supply can alter the number of links over evolutionary time scales. A more detailed investigation of how environmental dynamics affect community structure is now necessary.
In this paper, we describe, to our knowledge, the first bipartite network of a community of naturally occurring lytic bacteriophages exploiting bacteria (Pseudomonas fluorescens). We experimentally expose each phage -bacterium pair to different resource levels, and assess how the latter affects the structure of the fully sampled bipartite network. We report that changing resource input strongly alters several measures of network structure over an ecological time scale, in addition to significantly altering the identities of species links. Specifically, decreasing resource supply leads to a community with fewer species interacting, lowered connectance and decreased robustness to extinction. Moreover, phage specialization (i.e. variation in the exploitation of host isolates) increased in resource-rich environments, despite the phage attacking more host isolates.
MATERIAL AND METHODS
Fifteen millilitres of soil were sampled from a single contiguous area near the roots of a Vitis viniferra plant, in an undisturbed site (43838 0 1.57 00 N, 3851 0 37.60 00 E). Soil was dissolved in 35 ml of sterile water, thoroughly vortexed, and incubated for 4 h at 288C. Half of the supernatant was plated on solid Gould's S1 medium [13] and incubated at 288C to isolate 20 bacterial strains. The other half was filtered (0.22 mm) and centrifuged for 8 min at 13 000g with chloroform, then resuspended in King's B (KB) medium to concentrate phage. The resulting solution was plated on a lawn of P. fluorescens SBW25 [14] and maintained for 12 h, then 20 phage lysis plaques were isolated and amplified for 48 h on P. fluorescens SBW25 in 30 ml microcosms containing 6 ml medium. Phage and bacterial isolates were vortexed just prior to the transfer of 20 ml of each possible phage-bacterium combination (400 in total, which is a sufficient size, see electronic supplementary material, S1) into a final volume of 200 ml. Separate controls were run to estimate the growth of each bacterial isolate in the absence of phage. Three treatments were conducted: pure KB, KB diluted 10-fold and KB diluted 100-fold. Samples were placed randomly in 96 well plates and grown for 24 h. Population sizes were estimated using spectrophotometry (650 nm) at 0 and 24 h.
The link strength for each interaction is estimated as the impact of phage on bacterial growth:
where N is the optical density reading (estimation of bacterial population size at time 0 and 24 h), and i and j are, respectively, bacteria and phage genotypes (absence of the subscript j means that the measure was conducted without phage-all measures were corrected for the optical density of the medium without inoculum). We measured specificity as differential exploitation of bacterial isolates, using the Paired Differences Index (PDI) measure [15] :
where P i,j is the success of the j th parasite on the ith host given by equation (2.1), where values of P occur in rank order from i ¼ 1 to H (H being the total number of hosts in the sample).
Owing to the non-normality of data, results were analysed using a permutational ANOVA [16] with resource level as a factor unless stated otherwise in the text.
We employed several other measures of network structure. First, connectance is the fraction of potential links actually established [17] . Second, nestedness reflects whether generalists interact preferentially with generalists, and help define an expected pattern of interaction; we use nestedness temperature, which is the extent of unexpected absence or presence of links in the interaction matrix [18, 19] . Third, generality and vulnerability [20] are, respectively, the number of hosts exploited by each pathogen isolate, and the number of pathogens that infect each host strain (proportions are used in the figures instead of numbers because the dimensions of the networks differ). Fourth, network robustness is calculated, using an iterative simulation, as the number of host extinction events before half of phage isolates goes extinct [21, 22] .
Finally, we measured the change in the identity of isolates establishing links (Lc, Link change) for each phage and bacteria across any two consecutive environmental conditions as
where the link change of isolate j when switching from environment a to environment b is the ratio between the number I of links that remain in the same state and the number of links C that change state (e.g. loss of a link from a to b). We calculated Lc for low to medium resources and from medium to high resources. Distributions were compared with a paired t-test in order to assess whether changes in links between bacteria and phages were associated with variation in structure.
RESULTS
The bipartite food webs established at the three resource levels were found to be representative of the full phage-P. fluorescens community in our soil sample (see electronic supplementary material, S1). Resource levels had significant effects on network-level statistics (table 1) , and these effects were stronger than expected by chance alone (see electronic supplementary material, S2 and S3). While phage specificity, equation (2.2), increased in the high when compared with the two lower resource environments (figure 1a, p , 0.001), generality (number of exploited hosts) was maximized at high resource levels (figure 1b, p ¼ 0.03; table 1). By contrast, bacteria exhibited similar levels of vulnerability among the three treatments (figure 1c, p ¼ 0.69; table 1). These results indicate that bipartite network structure is largely driven by differences in the way phage exploits bacteria, and not in how bacteria resist phage. The distribution of link strength at the scale of the whole network was not significantly associated with resource treatments (p ¼ 0.21, data not shown). Finally, we found that resource levels had a significant impact on community topology, as Table 1 . Statistics of network structure across the productivity gradient (see electronic supplementary material, S3 for a visual depiction of each network). (Nestedness temperatures for other bipartite networks are in the 0-40 range [18] , where 40 is the least nested network. Interacting isolates reflect the size of the network. Phage robustness [21, 22] [20] . (c) Bacteria vulnerability (i.e. the proportion of phage isolates that infect each bacterial isolate). The thick bar is the median, the box outlines the second and third quartiles, and the whiskers delineate first and fourth quartiles. Single points are outlying values (same for figure 2) . Using quantitative measures [3] did not significantly change the result. 202 T. Poisot et al. Resource levels alter community structure measured by changes in the identity of species establishing interactions (figure 2).
DISCUSSION
To our knowledge, this is the first report of the structure of a naturally occurring host-pathogen microbial community (but see Vos et al. [23] for a local adaptation perspective on this system), and how its pairwise interactions are affected by controlled experimental changes in resource input for bacterial growth. We found that both the establishment and strength of links between phage and bacterial isolates were strongly impacted by resource levels, which resulted in the emergence of differences in community structure. This result differs from previous empirical results that showed changes in link identities without changes in structure [24, 25] . This suggests that resource input can play a strong role in structuring antagonistic communities [26] .
Lowering resources decreased connectance and robustness (table 1) . It also resulted in phage exploiting fewer hosts, with similar performance on each ( figure 1a,b) . However, the distribution of the number of links established on each bacterial isolate did not change, in agreement with the fact that variation among the phage appears to drive topological changes ( figure 2 ). This suggests a potential mechanism by which resources may act on community structure. Low resource inputs decrease bacterial population size, which will decrease the rate of contact between antagonists, thus reducing the establishment of links.
We report that abiotic environmental conditions can influence bipartite network structure. One limitation of our study was the assessment of resource level effects using single phage-bacterium isolates. It is possible that competition between bacterial isolates and/or phage preference for certain isolates [27] could affect observed network structure. Future work should consider simple networks of three or more isolates. Moreover, we do not know to what extent our original community was actually shaped by abiotic conditions, or biotic interactions with or without evolution (e.g. [28, 29] ). Future work should consider how changes in phage exploitation and bacterial resistance affect network structure and how this interacts with abiotic environmental conditions. Resource levels alter community structure T. Poisot et al. 203 
